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Abstract
The widespread utilization of nonaqueous redox flow batteries is hindered by 
the low performance. Including some kinds of additives in electrolyte is a possible 
and facile solution. In this chapter, the effects of carbon dioxide gas, EC/DMC, and 
antimony ions on the electrochemical performance of nonaqueous redox flow bat-
teries are disclosed. The results show that the ohmic resistance of the deep eutectic 
solvent (DES) electrolyte reduces significantly when adding carbon dioxide gas and 
EC/DMC, the percentage of reduction increases with the volume percentage of EC/
DMC in electrolyte, and the reaction kinetics almost keeps unchanged for carbon 
dioxide gas and EC/DMC additives. For the additive of antimony ions, the electro-
chemical reaction kinetics of active redox couple is enhanced, the diffusion coeffi-
cient of active ions also increases, and the charge transfer resistance decreases. The 
antimony ions electrodeposited on the surface of graphite felt contribute a catalytic 
effect on the electrochemical reaction so as to improve the performance. However, 
due to the trade-off between the enhanced kinetics and reduced active surface area, 
the optimum concentration of antimony ions is found to be 15 mM. In addition, the 
flow battery assembled with negative electrolyte containing antimony ions exhibits 
31.2% higher power density than that of pristine DES electrolyte.
Keywords: redox flow batteries, deep eutectic solvent (DES), electrolyte additives, 
carbon dioxide, EC/DMC, antimony ions
1. Introduction
Recent years, with the development of energy storage technology, people prefer 
to use the redox flow battery (RFB) in large-scale energy storage. RFB has outstand-
ing advantages: it has no limitation by the geographical environment and the sites, 
the design of cell structure is flexible, and also it shows rapid response to charge 
and discharge switching and with a long cycle life [1–3]. The aqueous electrolytes 
for RFB are mostly used during the past decades. However, such systems have a very 
narrow operating potential window (<2 V) due to the effects of water decomposi-
tion which limit the potential power output [4]. In recent years, the research of flow 
battery technology has extended from aqueous system to nonaqueous system in 
order to obtain higher potential window. Organic solvents have a much higher elec-
trochemical window, e.g., 5.0 V for acetonitrile (CH3CN), so that people can gain 
much higher energy output and power [5]. Even so, organic solvents show potential 
safety hazards because of their volatility, toxicity, and flammability; moreover, 
moisture or oxygen contamination can also adversely affect battery performance 
[6]. To this point, some ionic liquids (ILs) have advantages to solve the problem.
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Ionic liquids are salts which can melt at room temperature. These salts have a 
potential window as wide as organic solvents. Compared with other solvents, ionic 
liquids have high thermal and electrochemical stability, and the conductivity is 
higher than aqueous electrolytes [7]. Because of these advantages, ILs have been 
applied to a lot of fields, such as lithium-ion batteries [8], dye-sensitized solar cells 
[9], electrolytes in sensors [10], electrochemical capacitors [11], lead acid batteries 
[12], and fuel cells [13], and even applied to flow batteries recently as electrolyte 
solutions [14]. In 2015, the applicability of ionic liquids has been explored by Ejigu 
et al. as solvents of metal complex-containing redox flow battery [15]. Zhang et al. 
applied TEAPF6 and EMIPF6, two ionic liquids, to nonaqueous redox flow batteries. 
The results of charge and discharge tests showed that the coulombic efficiencies 
range from 43.46 to 57.44% [16]. However, there still exist some problems which 
have become the limitation for their large-scale applications, such as complex 
synthesis steps, cost, and availability.
The deep eutectic solvent (DES) can be recognized as a peculiar ionic liquid; it 
is consisting of a conjunction with a stoichiometric ratio of acceptors of hydrogen 
bond (like quaternary ammonium salts) and donors of hydrogen bond (like com-
pounds of amides, carboxylic acids, and polyols) into the eutectic mixture. We can 
prepare and use DES under ambient conditions; low cost is the main advantage of 
DES, which is cheaper than conventional ionic liquids to an order of magnitude; 
DES is easy to prepare and its overall biodegradability is an advantage too [17–20]. 
People have carried out preliminary works on the DES. Lloyd et al. had studied 
the kinetics of electron transfer of the Cu(I)/Cu(II) redox couple with chronoam-
perometry at a platinum electrode; they named cyclic voltammetry and impedance 
spectroscopy in a deep eutectic solvent, which consist of choline chloride and ethyl-
ene glycol as ethaline [21]. Thereafter, an all-copper hybrid redox flow battery was 
demonstrated in the ethaline DES [22]. Nevertheless, because of the mass transport 
limitations and the poor electrolyte conductivity, the energy efficiencies could only 
reach to 52 and 62% when the current densities were 10 and 7.5 mA cm−2, respec-
tively. In recent researches, the electrochemical and transport characteristics of 
Fe(II)/Fe(III) as well as V(II)/V(III) redox couples in the DES electrolytes had been 
studied by Xu group [23, 24].
When people use pristine DES as electrolyte, the main issues are large viscosity 
and its small diffusion coefficient, which will lead to large pumping loss and cause 
low efficiency for RFBs [25]. In order to overcome these problems, researchers 
proposed ways of adding appropriate additives into the electrolyte, like gas and 
ionic additives, and tuning the active materials by adopting molecular engineering 
[26, 27]. In 2015, the viscosity changes of ionic liquids after adding SO2 had been 
studied by Zeng et al. [27]. The results indicate that when the concentration of SO2 
increases, the viscosity of conventional ionic liquids will decrease sharply. Also, 
some studies have shown that the adoption of high-pressure CO2 in DES can cer-
tainly improve the physical properties of the RFB system, and this can also increase 
its electrical conductivity [28–32]. However, there are not too much literature about 
how the gas additives influence on the electrochemical performance of nonaqueous 
flow batteries. Moreover, some supporting electrolytes are widely used in lithium-
ion batteries for the reduction of electrolyte viscosity as well as the enhancement of 
cell performance [33], but few are reported in redox flow batteries.
Metal ions are also widely used as additives of electrolytes for electrochemical 
energy system. Antimony (Sb) has the advantages of low cost, good chemical stabil-
ity, and high catalytic activity, such that it is widely used in the field of electroca-
talysis and battery [23, 34]. In 2015, Shen et al. introduced SbCl3 into a vanadium 
redox flow battery (VRFB) [35]. The work shows that the added SbCl3 can improve 
the electrochemical activity and redox kinetics of V(III)/V(II).
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In this chapter, the effects of electrolyte additives on nonaqueous redox flow batter-
ies are introduced. The additives include CO2 gas, ethyl acetate/dimethyl carbonate (EC/
DMC) supporting electrolyte, and antimony ions. The effects were studied by means 
of viscosity test, cyclic voltammetry (CV), electrochemical impedance spectroscopy 
(EIS), and charge-discharge tests. The results here disclose an effective and convenient 
approach to improve the cell performance of nonaqueous redox flow batteries.
2. Materials, components, and operation parameters
2.1 Preparation of electrolyte
The DES electrolyte could be prepared by combining choline chloride (Aladdin, 
98%) and urea (Sinopharm Reagent 57-13-6, 99%), and the molar ratio is 1:2. The 
solution at 120°C with a magnetic stirrer is heated and stirred until it formed a color-
less and transparent liquid, this mixture is also known as “reline,” and the tempera-
ture of liquid was also reduced to the room temperature. With long-term placement, 
the DES would appear some white crystalline precipitate, so it needed to be heated 
over 50°C in advance of the experiment; this process should proceed on the magnetic 
stirrer for near 30 minutes, and the rotor’s rotation promotes the crystalline precipi-
tate’s dissolution. When finishing the experiment, DES should be kept in the sealed 
glass jar timely to avoid pollution caused by water vapor and oxygen in the air. The 
active material FeCl3 (Sinopharm Reagent 7705-08-0, 99%) with a concentration of 
0.1 mol L−1 was added into reline, and the mixture at 120°C was heated and stirred 
to obtain the electrolyte. Vacuum dried the prepared electrolyte for 24 hours before 
the start of experiment. Divide the solution into two portions, one portion serving 
as the pristine and the other one being fed with 0.1 MPa of CO2 (with the purity of 
99.99%). The EC (Macklin 98%) and DMC (Macklin 99%) mixture were prepared 
by 1:1 vol.% and stirred evenly when adding into the DES electrolyte. For the ion 
additive, the SbCl3 (99%, Sinopharm Chemical Reagent Co., Ltd.) was added into 
the negative DES electrolyte at a concentration of 5, 10, 15, and 20 mM, respectively.
2.2 Viscosity measurement
Viscosity measurements were conducted with a “DV-2 + PRO” digital viscometer 
(Shanghai Nirun Co., Ltd.). The electrolyte was placed on a thermostatic dry heater, 
and the temperature of the solution was measured by a thermocouple thermometer. 
When the electrolyte reached the predetermined temperature, measure three times 
the viscosity at each temperature point, and take the average.
2.3 Electrochemical characterizations
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
were operated on Chenhua® CHI600 electrochemical workstation. These mea-
surements used a traditional three-electrode system, its working electrode was a 
5-mm-diameter glassy carbon electrode, a platinum electrode was used as counter 
electrode, and the reference electrode was a saturated calomel electrode together 
with a salt bridge which was filled with the saturated potassium chloride solution. 
Before each test, polish the glassy carbon electrode on the deerskin with the 0.2-mm 
aluminum powder, then place the polished electrode in deionized water, and clean it 
with ultrasonic waves. The CV scan was performed in the range of −0.7–0.9 V for the 
electrolyte in the case of with and without CO2. Before the measurement, purge the 
electrolyte with nitrogen for 15 minutes in order to remove oxygen which dissolved 
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in the electrolyte. The CVs were measured at 25, 35, and 45°C, respectively, and at 
each temperature the CV was tested three times. Simultaneously, in the electro-
chemical impedance spectroscopy measurements, the sinusoidal excitation voltage 
suitable for the cells was 5 mV. The frequency was in the range of 0.01 Hz–100 kHz. 
The potential was settled at 0.15 V in order to ensure similar polarization.
3. Effect of carbon dioxide additive
3.1 Cyclic voltammetry
The cyclic voltammograms of 0.1 M FeCl3 in reline DES at different temperatures 
with and without 0.1 MPa CO2 are shown in Figure 1. The result indicates that in the 
range of −0.7–0.9 V with the scan rate of 25 mV s−1, there are two peaks: one is the 
oxidation peak and the other one is the reduction peak, and the position does not 
change basically where the peaks appear. For example, in the case of 25°C, the pristine 
electrolyte’s oxidation and reduction peaks appeared at 0.32 and 0.032 V, respectively. 
After the CO2 is being introduced, the electrolyte’s oxidation peak appeared at 0.318 V 
and the reduction peak appeared at 0.033 V. This means that the introduction of CO2 
does not affect the electrolyte composition because there is no generation of new 
material and it does not substantially affect the redox reversibility of the electrolyte. 
(The physical absorption of CO2 is also confirmed in reline DES.) On the basis of the 
redox peak currents, after the CO2 has been introduced, the peak current does not 
change significantly. In the case of 25°C, the pristine electrolyte showed the oxida-
tion peak current density of 0.176 mA cm−2, and in this case, the reduction peak 
Figure 1. 
Cyclic voltammograms of 0.1 M FeCl3 in reline DES with and without 0.1 MPa CO2 at different temperatures: 
(a) 25°C, (b) 35°C, and (c) 45°C.
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current density was −0.158 mA cm−2. After introducing CO2, they became 0.178 
and − 0.16 mA cm−2, respectively. The result shows that the rate of redox reaction of 
Fe(II)/Fe(III) redox couple in DES changes little when CO2 is being added in.
3.2 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was carried out to further 
investigate how the addition of CO2 influences the electrochemical performance 
of Fe(III) ion in DES electrolyte. The Nyquist plots of Fe(III) in DES electrolyte 
at different temperatures with and without CO2 are shown in Figure 2. Each plot 
shows a similar illustration: in the high-frequency region, there is a semicircle 
and in the low-frequency region, there is a straight line upward. They correspond 
to the transfer reaction of charge at the interface of electrode/electrolyte and the 
diffusion of iron species in the electrolyte, respectively, and this result suggests 
that electrochemical reaction and diffusion steps mix-control the Fe(III)/Fe(II) 
redox reaction [36]. There is a distance from the crossing of the semicircle’s left end 
and the abscissa to the origin, which is the ohmic resistance of the electrolyte, and 
the semicircle’s diameter is the electrochemical reaction resistance of the electro-
lyte. In order to determine the ohmic resistance and the electrochemical reaction 
resistance precisely before and after adding 0.1 MPa CO2 to the reline DES which 
contains 0.1 M FeCl3 in case of different temperatures, the data were fitted and the 
straight line in Figure 2 showed the results. Figure 2 shows a simplified equivalent 
circuit; the resistance of the ion migration process in the solution is represented as 
Rs, that is to say, the ohmic resistance of the solution. Rt is the resistance of elec-
trochemical reaction, the resistance of the electron transfer step. CPE represents 
Figure 2. 
Nyquist plots of the electrolyte with and without CO2 at different temperatures and the corresponding 
equivalent circuit: (a) 25°C, (b) 35°C, and (c) 45°C.
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the double-layer capacitance of the interface, simulating the process of the double 
layer in case of charge and discharge. Ws stands for the concentration polarization 
impedance, which simulates the liquid phase’s mass transfer.
The Z-view simulation helps to obtain the parameters of the equivalent circuit, 
which are listed in Table 1. It can be found that the resistance Rs of the electrolyte 
decreases after the addition of 0.1 MPa CO2. In detail, at the temperature of 25°C, 
it decreases from 1867 to 1409 ohm. The solubility of CO2 in the electrolyte will 
decrease when the temperature increases, so the decline percentage of Rs becomes 
small, and it is consistent with the trend of viscosity. What is more, the electro-
chemical reaction resistance of the solution slightly increases, implying that the 
addition of CO2 would slow down the charge transfer process of the electrolyte 
solution. The redox flow battery with DES electrolyte adding CO2 has a little-
changed overall performance compared with the pristine DES electrolyte.
4. Effect of EC/DMC supporting electrolyte
4.1 Cyclic voltammetry
The cyclic voltammograms of 0.1 M FeCl3 in reline DES without and with EC/
DMC are shown in Figure 3. The volume of the tested DES electrolyte is 40 ml. 
The result indicates that with the scan rate of 50 mV s−1 in the range of −0.7–1.2 V, 
there appear only one oxidation peak and only one reduction peak. The position of 
the peak does not distinctly change with the addition of EC/DMC. After the intro-
duction of EC/DMC (4 ml, 10% vol.), the oxidation peak and the reduction peak 
shift left and right for <50 mV, respectively. This suggests that the introduction of 
EC/DMC neither affects the electrolyte composition nor substantially affects the 
redox reversibility of the electrolyte. In terms of the redox peak currents, after the 
introduction of EC/DMC, the peak current increases for <10%. The result implies 
that the rate of redox reaction of Fe(II)/Fe(III) redox couple in DES does not change 
remarkably with the addition of EC/DMC.
4.2 Electrochemical impedance spectroscopy
The Nyquist plots of Fe(III) in DES electrolyte with and without EC/DMC 
are shown in Figure 4. For the pristine DES, the plot shows a semicircle in the 
high-frequency region, and in the low-frequency region, there is a straight line 
upward; the semicircle corresponds to the charge transfer reaction at the electrode/
electrolyte interface, and the straight line upward corresponds to the diffusion of 
iron species in the electrolyte, suggesting electrochemical reaction and diffusion 
steps mix-control the Fe(III)/Fe(II) redox reaction. With the addition of EC/DMC, 
Temperature (°C) Rs (ohm) Rt (ohm)
Pristine 0.1 MPa CO2 Pristine 0.1 MPa CO2
25 1867 1409 1337 1446
35 834.7 757.5 560.6 587.3
45 390.2 373.2 251.3 277.8
55 233.6 227.6 129.3 149
Table 1. 
The parameters obtained from fitting the EIS plots with the equivalent circuit for carbon dioxide additive.
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the radius of semicircle reduces, suggesting the charge transfer reaction becomes 
diffusion-controlled. With addition of more EC/DMC, the ohmic resistance (Rs) 
of the DES electrolyte becomes smaller. For example, for the pristine DES, the Rs is 
137.9 Ω; for the electrolyte with 3 ml EC/DMC, it is 122.2 Ω; and for the DES with 
5 ml EC/DMC, it reduces to 103.4 Ω. The electrochemical reaction resistance (Rt) 
almost keeps unchanged with the addition of EC/DMC.
The Raman spectroscopy shows that the introduction of EC/DMC does not 
change the shape of spectrum significantly (Figure 5). The peak near 3000 cm−1 is a 
result of the overlap of the characteristic peaks of choline chloride and ethylene gly-
col (the main components of DES), while a new characteristic peak appears around 
895 cm−1 when EC/DMC is added into the DES electrolyte, which can be attributed 
to the symmetrical stretching vibration of C-O-C bond when aliphatic ethers exist in 
the nonaqueous solution [33]. The reduction of ohmic resistance after the addition of 
EC/DMC should be the result of the stretching vibration of C-O-C bond.
Figure 3. 
CV curves of different concentrations of EC/DMC additive in DES with 0.1 mol L−1 FeCl3 with a scan rate of 
50 mV s−1.
Figure 4. 




Effect of Sb3+ on CV curves of 0.1 M VCl3 in DES at the scanning rate of 25 mV s
−1.
5. Effect of antimony ions
Inspired by the use of antimony ions as the additive in VRFBs, the same ions are 
tried to be the additive in DES electrolyte nonaqueous RFBs. The active materials 
used in negative side electrolyte are V(III)/V(II) redox ions.
5.1 Cyclic voltammetry
The cyclic voltammetry curves of negative electrolyte containing 0.1 mol L−1 
VCl3 with different concentrations of SbCl3 are shown in Figure 6, and the scan-
ning rate is 25 mV s−1. It shows two obvious peaks corresponding to V(III)/V(II) 
redox couple. A small peak appears at the position of −0.2 V, and since there is no 
peak in DES, thus the small peak at −0.2 V should be caused by impurities in the 
raw materials. In addition, there is no new peak, which further proves that after 
Figure 5. 
Raman spectra of solvents without and with EC/DMC additive.
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the addition of Sb3+ ions, there is no chemical reaction with V(III) ions to generate 
a new substance. For the pristine electrolyte, the peak current densities were 3.583 
and −3.691 mA cm−2, respectively. After the introduction of Sb3+ ions, both of them 
increase and reach the maximum (4.589 and −4.764 mA cm−2, respectively) when 
the concentration of Sb3+ ions is 15 mM. This indicates that the introduction of Sb3+ 
ions can accelerate the redox reaction rate of the battery and increase the collision 
between ions which makes it easier to overcome the activation energy and realize 
the electrochemical reaction [37].
5.2 Electrochemical impedance spectroscopy
The influence of SbCl3 on the electrochemical properties of negative electrolyte 
was further investigated by EIS. The Nyquist plots of electrolyte without additive 
and with different concentration of SbCl3 are shown in Figure 7. The combination 
of semicircle and the straight line upward suggests that the redox reaction of vana-
dium is mix-controlled by electrochemical polarization and concentration polariza-
tion [38]. Figure 5 shows the corresponding simplified equivalent circuit, where 
Ws and CPE represent the concentration polarization impedance and double-layer 
capacitance of the solution, respectively.
It can be seen that the Rs and Rt of electrolyte decrease with the addition of 
different concentrations of SbCl3 and reach the minimum when the concentra-
tion is 15 mM. The corresponding parameters of the equivalent circuit obtained 
by the Z-view simulation are shown in Table 2. The Rs and Rt of the solution with 
15 mM SbCl3 were the smallest; they were 19.41 and 8.95 ohm cm
−2, respectively, 
lower than that of the pristine electrolyte (22.03 and 11.57 ohm m−2). The reduced 
electrochemical reaction resistance indicates that the charge transfer process of the 
electrolyte is accelerated, which reflects the higher electrochemical reaction rate. 
This is probably owing to the adhesion of Sb to the electrode and its catalytic effect. 
The increased CPE and Ws suggest that the Sb3+ in the electrolyte is able to promote 
the absorption and diffusion of V ions. The results further confirm that the addition 
of Sb3+ can improve the electrochemical reaction of V(III)/V(II).
In order to investigate the influence of the addition of SbCl3 on the power 
density of the battery, the polarization curve of the flow battery was measured (the 
active material is FeCl3 in positive side electrolyte). As shown in Figure 8, when 
Figure 7. 





Polarization curves of batteries with different concentrations of Sb3+ ions.
the concentration of Sb3+ ions increases, the maximum current density and maxi-
mum power density increase first and then decrease, and when the concentration 
reached 15 mM, they reached the maximum (16.25 mA cm−2 and 4.04 mW cm−2, 
respectively), higher than those of pristine electrolyte (12.75 mA cm−2 and 
3.08 mW cm−2). From these experimental results, it can be seen that the electro-
chemical performance of V(III)/V(II) redox couple has been improved due to the 
adhesion of Sb ion to the electrode and its catalytic effect.
5.3 Physicochemical measurements
To explore the mechanism of Sb ions to improve the electrochemical perfor-
mance of electrolytes, the surface morphology of graphite felts obtained after 
charging-discharging cycle was characterized by SEM. Figure 9 shows that some 
particles adhere to the surface of graphite felt after the addition of SbCl3.
With the increased concentration of SbCl3, the particles on the surface of graph-
ite felt increased. In order to analyze the specific composition of the observed ions, 
the energy-dispersive X-ray spectroscopy (EDX) was used to identify them. As 
shown in Figure 10, the transverse coordinate is the energy, and the vertical coordi-
nate is the relative content of elements. The results of EDX show that the elements on 
the pristine surface of graphite felt are only C, O, V, and Cl and the particle detected 
after the addition of additives is Sb. Corresponding to the energy of 4.0 keV, the 
content of Sb on graphite felt increases gradually with the increased concentration of 
Concentration of Sb3+ Rs (ohm cm−2) Rt (ohm cm−2) CPE (F cm−2) Ws
Pristine 22.03 11.57 7.218 × 10−4 0.5338
5 mM 20.72 9.89 9.86 × 10−4 0.5381
10 mM 20.67 9.50 1.01 × 10−3 0.5478
15 mM 19.41 8.95 1.15 × 10−3 0.5581
20 mM 21.15 9.11 1.06 × 10−3 0.5492
Table 2. 
The parameters obtained from fitting the EIS plots with the equivalent circuit for antimony ion additive.
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Figure 9. 
The FESEM images of graphite felt electrode after cycling: (a) pristine, (b) 5 mM Sb3+, (c) 10 mM Sb3+,  
(d) 15 mM Sb3+, and (e) 20 mM Sb3+.
Figure 10. 
EDX spectrogram of ions on the surface of graphite felts: (a) pristine, (b) 5 mM Sb3+, (c) 10 mM Sb3+,  
(d) 15 mM Sb3+, and (e) 20 mM Sb3+.
Redox
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SbCl3. The results suggest that the enhancement of the battery performance is owing 
to the catalytic effect of Sb ions. However, when the concentration was 20 mM, the 
accumulation of ions is more serious, which would result in partial pore blockage of 
graphite felt. Therefore, when the concentration of Sb3+ ions further increases, the 
electrochemical performance of the battery decreases slightly.
6. Conclusions
The effects of three kinds of additives including carbon dioxide gas, EC/DMC, 
and Sb3+ ions on the electrochemical performance of nonaqueous DES electrolyte 
redox flow batteries are explored. The ohmic resistance of the deep eutectic solvent 
(DES) electrolyte decreases significantly when adding carbon dioxide gas and EC/
DMC, and the percentage of reduction increases with the volume percentage of EC/
DMC in electrolyte, while for these two additives, the reaction kinetics almost keeps 
unchanged.
With CO2 in DES, the electrochemical reaction resistance increases about 10%. 
For EC/DMC additive, the electrochemical reaction resistance almost keeps the 
same no matter the amount of additive in electrolyte. For the additive of Sb3+ ions 
in DES electrolyte, the electrochemical reaction kinetics of active redox couple is 
enhanced, the diffusion coefficient of active ions increases, and the charge transfer 
resistance decreases. The electrodeposited Sb3+ ions on electrode surface contribute 
a catalytic effect on the electrochemical reaction. However, due to the trade-off 
between the enhanced kinetics and reduced active surface area, the optimum 
concentration of Sb3+ ions is found to be 15 mM. In addition, the flow battery 
assembled with negative electrolyte containing Sb3+ ions exhibits 31.2% higher 
power density. The results in this chapter provide a simple yet effective approach to 
promote the cell performance of nonaqueous redox flow batteries.
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